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Abstract 
This paper addresses the problem of modeling, integrating and utilizing existing knowledge for the designing of cooperating robots assembly 
cells. A knowledge-enabled approach is presented, allowing for the combined use of information pertaining to past engineering projects and of 
an advanced digital environment. The proposed approach, in the form of a rule-based model, is capable of generating process design 
alternatives that take into consideration the performance requirements as well as the constraints and 3D specifications of both robotic 
manipulators and parts. An automotive Body-In- White (BIW) assembly cell case is presented. 
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1. Introduction 
The principal objective for many manufacturers is the 
production of more models and variants in larger quantities, 
using less time, material and resources [3], satisfying the 
overall demand, whilst providing a series of customization 
options for each individual customer [7]. Companies have to 
shorten the time to market, ensuring that production volumes 
be sufficiently high and that quality specifications are entirely 
met [18].  
In particular, the assembly lines often provide more 
customization options and opportunities for the improvement 
of a manufacturing system’s overall performance. One of the 
major challenges of accelerating the product development is 
the utilization of existing engineering knowledge in an 
efficient way [9]. This is particularly true, having taken into 
consideration the fact that only 20%-40% of the production 
was carried out in production plants owned by globally 
operating companies in 2005 [21], with the trend being 
declining. The distribution of production in organisationally 
and geographically dispersed facilities, inevitably leads to a 
decrease in manufacturing know-how for designers [13]. 
However, today’s highly customized information mapping, 
translations and ad hoc implementations lead to an unstable 
structure, in principle, of useless information, a) hindering the 
communication between departments’ ‘designer domains’, b) 
losing information in every update cycle, c) making the reuse 
of knowledge quite impossible due to the several models 
existing in parallel, which are meaningless from the 
knowledge point of view, d) making the dependence upon 
users’ expert knowledge even heavier [10]. 
Although a few systems support the decision making 
process related to the manufacturing of products, similar 
systems, enabling the knowledge management and reuse of 
assembly processes, are still at infancy state or not used in 
practice in today’s design offices and manufacturing 
environments [16]. 
1.1. Assembly process planning and cooperating robots 
Many methods have been proposed for modeling and 
managing knowledge for the efficient process planning [1]. 
Although current state-of-the-art approaches touch the borders 
of automatic generation of assembly configurations for well-
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defined problems [11], on the whole, Computer Aided Process 
Planning (CAPP) systems will have to be more adaptive, 
distributed, agile and integrated [20]. 
Industrial robots have become an essential part of the 
assembly process. Cooperating robots, in particular, robots 
communicating with each other in order to carry out specific 
tasks, are being more and more widely used in assembly lines, 
aiming at a) expanding their own overall capabilities and b) 
reducing the need for dedicated devices, such as fixtures. The 
design of a cooperating robots cell, ensuring that their 
coordinated motion achieves all technical and safety 
specifications, is a highly complex process [12]. The motion 
planning of multiple manipulators is still considered an open 
problem due to the complexity of both parts’ geometry and 
end effectors’ specific trajectories, the dynamic environment 
and the computational requirements [12]. Moreover, today’s 
need for a higher number of products and variants in the 
assembly line induces further difficulties in the design process 
[8]. The lack of structured knowledge management elements 
in today’s assembly design practices is one of the major 
reasons for starting a new station or line’s design with an 
empty layout [10]. 
3D simulation-enabled digital platforms for the 
implementation of robot-based processes have been used for 
the simulation and validation of alternative process 
configurations. A few recent approaches have focused on the 
design of multiple robots cells. In [2], an agent-based 
framework is presented for the coordinated motion planning of 
multiple robots. The proposed framework is tested on a typical 
four non-cooperating robots cell, without any manipulator and 
part handling with the objective of generating a collision free 
coordinated path. In [15], a novel approach is presented for the 
testing and validating of cooperating robots cell 
configurations, ensuring the collision free cooperation of two 
robots in an automotive assembly case. It does not, however, 
utilize the existing engineering knowledge. 
2. Methodology 
This paper proposes the use of a data model along with a 
set of rules for realizing the knowledge-enabled structuring of 
assembly process information. This data model is primarily 
based on the principles underlying the emerging standardized 
Computer Aided Engineering Exchange (CAEX) data format, 
following the Product-Process-Resource (PPR) model, which 
most of the dominant commercial Computer Aided Design 
and Engineering applications are based on [17]. 
Fig. 1 depicts the basic parts of the data model with the aid 
of a UML diagram, which has been extracted from a larger 
data model dealing with assembly templates [14]. Each 
assembly configuration contains a hierarchy of the products, 
processes and resources it makes use of. It includes all related 
parts, the process plan, consisting of all intermediate 
processes, and the machines, devices, equipment, tools and 
other resources required for carrying out an assembly task. All 
the elements of this hierarchy are associated with specific 
parameters, roles and constraints (for instance, 6-axes robot, 
capable of using grippers of type D with maximum payload 
equal to 130 kg). Each configuration is characterized by a set 
of performance indicators, related to cost, time and flexibility. 
 
 
Fig. 1. UML class diagram depicting the main elements of the ontology 
The proposed data model also represents the ontology-
based knowledge repository that consists of all production 
data and relevant information for the structuring of assembly 
processes. Moreover, the data model is also used for the 
utilization of the existing engineering knowledge in the design 
and configuration of an assembly cell. Data coming from 
previous solutions are initially stored into a physical data 
repository that is structured in the same order as the data 
model proposed. The existing data are then translated into 
OWL (Web Ontology Language) files in order to enable the 
use of semantic rules for the investigation of the past solutions 
relevance to design requirements of a new assembly cell. For 
the translation of the existing data into ontology files, an 
intermediate step is taken, where data instances are initially 
translated into Java instances (through the JavaBEAN 
framework). 
Whenever a requirement arises for the designing and 
configuration of  a new assembly cell, the existing solutions 
from past or on-going projects may be investigated and 
utilized when sufficient relevance is detected (Fig. 2). The 
principal objective is the support of engineers in using 
standard solutions, as they were built up in the context of 
already deployed projects, and that they may be supported 
with production solutions, by utilizing the newest simulation-
enabled platforms and technologies.  The key concept of the 
specific approach is based on the fact that when a new 
assembly process is being designed, the engineers need to take 
very important decisions about the basic assembly setup. The 
selection of specific resources and process parameters will set 
the operational, cost and performance boundaries of the 
assembly process for a significant part of the product lifecycle. 
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Fig. 2. Steps of the proposed approach 
After the specifications, including the demand profile and 
the performance requirements in terms of cost, time and 
flexibility, have been provided, all relevant configurations 
associated with similar products and processes are identified. 
Then, the alternative resources that may be used are indicated, 
taking into consideration the corresponding process 
constraints and the roles these resources may assume. 
The next step includes the generation of alternative process 
plans, based on the existing original configurations. These 
process plans are developed, with the use of a series of rules 
that are formed as a part of the existing process knowledge.  
The alternative process plans, in the form of data files, may 
be imported and simulated by digital manufacturing tools. 
They may subsequently be modified by intelligent search 
algorithms, such as the one described in [15], which also 
allows the interaction with the user, using a computer desktop 
assistant, embedded in a digital manufacturing and simulation 
platform [5]. 
The feasible process plans, i.e. the ones respecting all 
constraints (collision-free motion and operation of the 
cooperating robots and devices, no out-of-reach status), are 
validated and ranked against the criteria set by the designer. 
 
3. Software implementation 
For the realization of the assembly process information 
structuring, some basic software developments were 
implemented having taken into account the relevant 
knowledge infrastructure that was necessary. The knowledge 
infrastructure consists of components that interact so as to 
enable the translation of data from existing projects into useful 
data for the ontology data model, the handling of requests 
regarding extraction of knowledge and the identification of 
knowledge for reuse purposes (e.g. suitable resources for new 
process). In order to allow the better identification of relevant 
knowledge, all data are translated into an ontology file, having 
the same mapping of classes with ontology concepts and 
instances to individuals. The translation of data is made 
through the intermediate translation step presented above. The 
Ontology synchronizer is responsible for the translation of 
data into ontology files. The Ontology synchronizer performs 
the translation periodically, as the translation process from a 
database to ontological instances with the use of current 
technologies is very time consuming. The Knowledge 
Management (KM) abstraction layer is the component 
responsible for the creation of the ontology knowledge files on 
the basis of intermediate Java classes received from the 
Ontology synchronizer. Furthermore, the KM abstraction layer 
controls all internal requests from the rest of the knowledge 
infrastructure components. It receives requests from the KM 
Interface as well as information from the Ontology 
synchronizer and handles them with reference to the existing 
Knowledge repository. Finally, the Knowledge Management 
Interface (KMI) is the main interface that connects external 
applications to the project’s knowledge infrastructure for the 
generation of alternative configurations of the assembly cell 
and alternative process plans, based on the configurations 
from the existing process knowledge. This component is an 
Application Programming Interface (API) that can be used by 
an external application when previous knowledge needs to be 
identified. The external application sends the requested 
information to the KMI, which in its turn, controls the rest of 
knowledge infrastructure’s components and provides the 
desired information.  
The information structure in the Knowledge Repository is 
also modelled based on the Computer Aided Engineering 
Exchange (CAEX) neutral data format, adapted to a Product-
Process-Resource (PPR) structure. This ensures the capability 
to translate results or provide information to most of the CAx 
software used by the industry. 
For the communication between the external applications 
and the knowledge interface, a web service has been 
implemented, which is described by means of a WSDL (Web 
Services Description Language) file. WSDL is an XML 
format for the description of network services as a set of 
endpoints. This web service supports the execution of various 
actions, such as activation of rules and generation of queries 
for the ontology model for the handling of the ontology 
model. Fig. 3 shows the internal components of the knowledge 
infrastructure and their interactions. 
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Fig. 3. Basic components of knowledge infrastructure and their interactions 
 
4. Case study  
Our approach has been tested on a simplified version of a 
realistic industrial case scenario, involving the realization of a 
Body-in-White (BiW) process of a commercial vehicle in a 
cooperating robots cell. BiW in the automotive industry refers 
to the body of a car’s sheet metal components that have been 
assembled together before painting. During the lifecycle of an 
automotive product, many variants are often designed and 
manufactured following the launch of a new car model. Our 
scenario deals with the joining of two parts of the floor of a 
station wagon version of a segment C passenger car after the 
production of the sedan variant has begun. The manufacturing 
specifications comprising the expected market demand profile 
and the performance parameters are described in Table 1. 
Table 1. Case scenario specifications and part/ process features 
Description Column A (t) 
Cost (compared to sedan version) <110% 
Time (cycle time imposed by demand) [s] 100 
Flexibility  Assemble both variants 
Joint type Welding spot 
Number of joints 20 
Number of parts 2 
Part 1 max. length, width, thickness [mm] 1615, 357, 0.8 
Part 2 max. length, width, thickness [mm] 1343, 878, 0.8 
Part 1 weight [kg] 8.3 
Part 2 weight [kg] 10.7 
Part 1 description  Floor channel SegC-
Long 
Part 2 description Floor panel SegC-Long 
Assembly description Floor asmbl SegC-Long 
 
In a library which contains a set of existing assembly 
configurations, corresponding to different parts of the BiW of 
the sedan variant (Fig. 4), the most relevant is identified as the 
one involving the assembly of two parts of the floor, using the 
spot welding technology for the joining parts of similar size 
and weight. The configuration is identified based on the parts 
to be processed and the processes involved. The results 
include the stationary robots with their current positions as 
already used since the launch of the sedan car model. 
Additional process features such as the tools used are subject 
to change as described in the following paragraphs. 
 
 
Fig. 4. Library subassemblies 
The next step comprises the formalization of the 
information contained in the similar configurations that have 
already been identified. The process for assembling the floor 
of the sedan variant is depicted in Fig. 5.  
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Fig. 5. Existing cell configuration 
At first, the handling robot A (RA) moves the TCP of the 
gripper from pose A2, passing through A3 and A4, down to 
pose A5, where it holds both parts, while robot B (RB) coming 
from pose B2, passing through pose B3, performs a tack weld 
in pose B4. Then, after RB moves back to pose B3, RA places 
the TCP of its gripper to pose A6. RA holds both parts so that a 
series of welding spots may be carried out by RB. The latter 
moves the TCP of its welding gun to pose B5 via B3. Then 
performs six welding spots (poses B6 to B11). Next, it retreats 
to pose B12, while RA moves its gripper to pose A7 and 
rotates it to pose A8, so that the other side of the two parts 
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may be welded. RB moves to pose B13 and performs six 
welding spots (poses B14 to B19). At that time it moves to 
pose B21 through pose B20 and performs the last five spots 
(poses B22 to B26). Finally, it returns to pose B2. RA returns 
back to pose A3, drops the welded parts through A5 and 
finally, moves back to the initial pose A2. 
Three distinct states of the cell, depending, at each point of 
time, on whether the TCP of the welding robot may reach the 
next welding spot or not have been identified: 
 State 1 (S1): RB is close enough and may reach the next 
welding spot directly (in our case, while the TCP of the 
RB’s welding gun is at poses B3 - first pass, B5-B10, 
B13-B18 and B21-B25). 
 State 2 (S2): RB is not close enough to the next welding 
spot and has to reach an intermediate pose before 
performing the welding spot (in our case when RA holds 
its gripper at poses A5, A6, A8 and while the TCP of the 
welding gun of RB is at poses B19 and B20. 
 State 3 (S3): RB cannot reach, in any way, the next 
welding spot (B4, B3 – second pass, B11, B12, B26) and 
requires that RA moves the part accordingly (poses A2-
A4, A7); if RB is too close to RA, RB will have to move 
away from RA first (poses A2-A4, B3-second pass, B12, 
A7, B26). 
Based on this classification of states, a simple rule-based 
model (Fig. 6) is developed for representing the underlying 
principles related to the operation of the existing robots cell.  
 
PROCEDURE RuleBasedCellOperation 
for i = 1 to WeldingTagsNum { 
     ProceedToWeld = PlanIsFeasible = false; 
     while (ProceedToWeld == false AND PlanIsFeasible == false) { 
          #state S1 
          if distance(TCP_RB, tag[i]) < D1  
               ProceedToWeld = true; 
          #state S2 
          else if distance(TCP_RB, tag[i]) < distance(TCP_RB, TCP_RA)+D2 
               #move TCP_RB towards tag[i]  
               MOVE[TCP_RB, M1, tag[i], RAND(-δp1, δp1), RAND(-δa1, δa1)];  
          #state S3 
          else  
               if distance(TCP_RB, TCP_RA) < D3 
                    #move TCP_RB towards its initial position 
                    MOVE[TCP_RB, M2, tag[0], RAND(-δp2, δp2), RAND(-δa2, δa2)];  
               #move TCP_RA towards next welding tag 
               MOVE[TCP_RA, M3, tag[i], RAND(-δp3, δp3), RAND(-δa3, δa3)]; 
          #check process plan feasibility 
          If ProceedToWeld == true 
               If Simulate[WELD(TCP_RB, tag[i])] == true 
                    PlanIsFeasible = true; 
               else 
                    ProceedToWeld = false; 
     } 
}  
Fig. 6. Pseudo-code model of the rule-based approach 
This model can be used whenever a new assembly task 
requires the welding at one or more different poses, for 
specifying their coordinates and their orientation (tags). In the 
sedan configuration, the minimum distance that RB has 
covered along its path, when being in state S2, is D1 = 165 
mm, which sets the boundaries between state S1 and state S2. It 
is also observed that in state S2, the distance between the TCP 
of RB and the next welding pose is at maximum D2 = 100 mm 
longer than the distance between the TCPs of RB and RA. In 
case that the cell is in state S3, when the distance between the 
TCPs of RB and RA is less than D3 = 770 mm, then RB should 
be moved away from RA towards its initial position (tag [0]). 
The median values of the distances M1, M2, M3, corresponding 
to each robot’s movement of the TCP of for states S2 and S3, 
are then calculated and found to be equal to 330 mm, 370 mm 
and 140 mm, respectively. The function ‘MOVE’ is used for 
the simulation of a specific move in a digital manufacturing 
tool [5]. Based on this function, the initial coordinates of the 
pose are determined in a distance Mk from the current pose of 
the TCP of robot k and a local search may be employed, 
stochastically, for the identification of better feasible 
alternatives, in terms of cycle time, in the space 
neighbourhood, bounded by (-δpk, δpk) and (-δak, δak). The 
vector pk denotes the Cartesian coordinates of the TCP of 
robot k, whilst the vector ak represents the orientation of the 
end effector of robot k along each global axis. For the 
application example, we have set δpk= (Mk,Mk,Mk) and δak=0. 
The next step involves the specification of all available 
suitable resources that may be used in order for the assembly 
task to be carried out. Using the library information, which is 
structured with the aid of the proposed data model, another 
longer welding gun is identified. It can be attached to robot RB 
and its spot welding capabilities may fulfil the specifications 
of the process. Consequently, there are two different initial 
configurations that may be tested: the one with the standard 
welding gun (WG1) and the other with the longer one (WG2) 
and therefore two different simulation files are generated. 
The subassembly of the station wagon variant requires 
three more welding spots, i.e. B19a and B19b after B19 and 
B26a after B26. All three tags are determined on the basis of 
the rule, associated with state S1 while the process plan 
generated, includes these three welding spots, without 
requiring any intermediate move from any robot. All other 
tags remain identical to the configuration of the sedan variant 
subassembly. During the simulation, collisions were detected 
after tags B3, B5 and B21. Based on the rule associated with 
state S2, the coordinates of these tags are recalculated and 100 
alternatives are generated and simulated in their 
neighbourhood. In the end, the best feasible alternative 
process plan is proposed. Similarly, a process plan is 
generated for the welding of the shorter subassembly using the 
longer gun. 
The configuration with the standard welding gun is not 
capable of welding the bigger subassembly and is therefore 
worse, in terms of flexibility, when compared with the 
configuration utilizing the longer welding gun. The 
configuration with the longer welding gun is superior in every 
aspect except for the case of the smaller subassembly, which 
is estimated to be slightly more expensive. Apparently, the 
configuration with the longer welding gun is selected, since it 
can deal with both assembly configurations.  
In reference to Fig. 2 the interactions between the user and 
the components described can be seen in the figure below: 
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5. Discussion 
The principle objective of this paper is to show that the use 
of simple rule-based data models is feasible, even in highly 
complex assembly configurations, such as the ones 
encountered in the BiW assembly process in the automotive 
industry, using cooperating robots. The main argument is that 
the reuse of the existing engineering files and information is 
possible, thus leading to an increased manufacturing 
performance.  
The proposed approach is not expected to generate, in all 
cases, totally feasible process plans. However, it is capable of 
producing approximate ones, which may then be modified and 
fine-tuned with simulation. This way, every element and detail 
of an assembly cell configuration may be tested and validated, 
having taken into consideration the geometry of parts, the end 
effectors and the robotic equipment as well as their 
capabilities and specifications.  
The integration of the function of the Programmable Logic 
Controllers into these models could also support the 
identification of potential issues, related to the performance of 
automation software, early enough, before the physical 
installation of the assembly line takes place. The designers 
could also take advantage of such models, by simulating the 
assembly process, and by testing the existing equipment and 
resources for alternative product designs. In the near future, it 
is expected that new methods will be devised for automating 
the capturing of knowledge as well as for generating rule-
based models. In this way, alternative assembly configurations 
may be provided, for supporting engineers and designers in 
their decision making process. 
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